Background: CKMB, the cardiac-specific heterodimer of cytosolic creatine-kinase (CK), is developmentally and physiologically regulated, tissue hypoxia being a proposed regulator. In patients with cyanotic heart disease the myocardium is perfused with partially saturated blood. We questioned whether the myocardium of cyanotic subjects contains higher proportions of CKMB.
Introduction
Creatine kinase (CK, EC 2.7.3.2.) catalyzes the transfer of high-energy phosphate between creatine and ATP, maintaining a proper intracellular ratio of ATP to ADP, and playing a key role in the energy metabolism of skeletal and cardiac muscles. Distinct CK isozymes, localized at both the mitochondria and the cytoplasm, act as an intracellular system for the efficient transfer of energy between the site of production and the site of consumption (1, 2) . The native forms of the cytosolic CK are either homodimers of the M (CKMM, muscle) and B (CKBB, brain) subunits or a heterodimer of M and B (CKMB). The three isozymes differ in their kinetics and substrate affinity, CKMM having lower affinity than CKMB and CKBB (3) (4) (5) (6) . The heterodimer CKMB is unique for the cardiac muscle and its proportion depends on the expression of the B subunit, which is developmentally and physiologically regulated. A transition from B to M predominance occurs in mammalian heart at a relatively early embryonic stage (7) (8) (9) (10) (11) . Increased proportions of CKMB and CKBB, as well as the CKBmRNA, have been described in several models of cardiac hypertrophy, ischemia, and failure (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . Biopsy samples of left ventricular myocardium from human subjects with left ventricular hypertrophy due to aortic stenosis exhibit lower CK activity and higher CKMB isozyme content, whereas similar specimens from patients suffering of coronary artery disease without hypertrophy have normal CK activity and increased CKMB isozyme ratio, as compared with normal adult hearts containing almost no CKMB isozyme activity (21) . The observation that myocardium of patients with left ventricular hypertrophy or coronary artery disease contains higher amounts of CKMB isozyme has led to the suggestion that tissue hypoxia may play a role in stimulating the transition in cytosolic CK isozyme distribution (21) .
Cyanosis is characterized by a slate-blue color of the skin which results from the presence, in the blood, of deoxygenated hemoglobin at concentrations higher than 5 g/dl. In patients with cyanotic congenital heart disease, diminished volume of pulmonary blood flow and a right-to-left shunt increase the relative volumes of deoxygenated blood pumped to the coronary and peripheral circulation. Arterial oxygen saturation is variable, ranging from very low values to almost normal range, depending on the degree of obstruction at the right ventricular outflow tract and the magnitude of the right-to-left shunt. Oxygen carrying capacity in cyanotic patients increases by producing more red blood cells and an eventual elevation of hemoglobin and hematocrit. As a result, blood viscosity is higher and the effective pulmonary and systemic resistance increase, causing more strain on the respective ventricles (23, 24) .
Tetralogy of Fallot (TOF) is a complex congenital malformation whose clinical spectrum extends from cyanotic hypoxemic newborns to young adults with mild or no cyanosis. TOF 
Materials and Methods
Tissue Specimens Obstructive muscles of the septoparietal bands (Septomarginal trabeculae) and moderator bands were removed from 25 patients undergoing corrective surgery for congenital malformation. The biopsied tissues, which are otherwise discarded, were rapidly frozen in the operation theater and stored at -70°C until processed. Patients having arterial oxygen saturation of 92% or lower, and/or clinical history of cyanosis, were defined as cyanotic. All other patients were considered acyanotic. The clinical details of all specimens were unmasked only when the biochemical and molecular analyses had been completed. In the cyanotic group (n = 13), 12 had TOF and one had DCRV plus severe subpulmonary stenosis. The acyanotic group (n = 12) included five patients with TOF, two with DCRV plus valvar pulmonary stenosis, two with DCRV and VSD, two with DCRV and no VSD, and one with VSD plus subpulmonary stenosis. All patients had systemic systolic right ventricular pressure except one who had 75% of the systolic pressure in the right ventricle. The study was approved by the Institutional Review Board. ill Determination of Protein, DNA, and Enzyme Activities Samples (20-120 mg) were cut from the frozen tissues and homogenized in ice cold 0.1 M phosphate buffer, pH 7.4, 1 mM EDTA, and 1 mM 13-mercaptoethanol, using a polytron (Kinematica). The crude homogenate was sonicated (15 sec at 40% duty cycle) and aliquots were removed in duplicates for the determination of DNA, protein, and the activities of CK and LDH. Prior to enzymatic determination the samples were centrifuged in a minifuge for 5 min, 4500 rpm, 40C. DNA was measured fluorimetrically using calf thymus DNA as a standard (25), and noncollagen protein was measured spectrophotometrically using BSA as a standard (26) . CK activity was measured with a commercial kit (Sigma, St. Louis, MO), and CK isozymes were determined electrophoretically using the Helena Laboratories equipment and procedure (Clinin Scan II, agarose plates). Only the MM, MB, and BB isozymes were identified on the plates and scans (27) . LDH was determined by the pyruvate/lactate reverse reaction as previously described (28) . Calculation of the CKB-related activity was based on the assumption that all the B subunits are assembled in functional CK dimers and that the M and B subunits contribute equally to the activity of CKMB. The CKB-related activity in each specimen equaled the sum of activities of CKBB and CKMB/2, each calculated from the isozyme ratio (%) and the CK activity (IU/DNA) in that tissue.
RNA Analysis Samples (100-300 mg) from the same frozen biopsies as above were extracted by the lithium chloride-urea/phenol extraction method (29) . Total cellular RNA of the individual specimens was size fractionated on 1% agarose-formaldehyde gels (15-20 ,ug 
Results
Twenty-five patients were included in this study; 13 were defined as cyanotic and 12 were grouped as acyanotic ( Table 1 ). The cyanotic patients had lower arterial oxygen saturation and higher hemoglobin content, and were admitted for surgery at an average younger age than the acyanotic subjects. Since all our specimens were removed from obstructive tissues, we assessed in each of them the protein-to-DNA ratio as a measure for protein accumulation and hypertrophy. As shown in Figure 1 , a marked increase in tissue protein content occurred with age in both cyanotic and acyanotic patients, and was significantly correlated with age. The mean protein-to-DNA ratio of acyanotics was higher (not statistically significant), apparently because they were operated on at older ages (Fig. 1, Table 2 ). The two groups of patients, hypooxygenated and normoxygenated, exhibited the same rate of right ventricular growth and hypertrophy.
The activity of CK per protein and the profile of the cytosolic CK isozymes did not change with age and was similar in the cyanotic and acyanotic The contribution of CKMB to CK activity was relatively high in all patients, -22%, whereas the proportion of CKB3B activity was found to be negligible (Table 2) . No correlation was observed between the distribution of CK isozymes and the degree of tissue hypertrophy (protein/DNA). The total activity of CKMB in the tissue increased, however, parallel to the increase in tissue protein and was the same in cyanotic and acyanotic patients (Fig. 2) . The amount of CKMB and CKBB isozymes depends on the availability of the B subunit. As shown in Figure 3 , the estimated amount of B-subunit, expressed as CKB-related activity, correlated with the abundance of CKBmRNA, indicating regulation at the level of transcription. Notably, no correlation was found between the proportion of CKMB and the arterial oxygen saturation or the hemoglobin content in either group of subjects as well as in the combined population.
Discussion
We were interested in finding out whether the activity of cytosolic CK and the relative amount of CKMB isozyme are altered in the myocardium of cyanotic patients as compared with similar tissues of acyanotic subjects. Obstructive muscle bands removed from the right ventricle of patients with congenital malformations were explored and no differences in protein accumulation, CK activity, or distribution of CK isozymes were observed between the cyanotic and acyanotic subjects.
Since the tissues analyzed were hypertrophied secondary to the obstructed right ventricular outflow tract, and as most of the patients were still at an age of normal cardiac growth, it is likely that the observed increase in tissue protein was regulated by both developmental and pathophysiological factors. It is clear, however, that the state of cyanosis did not alter the rate of protein accumulation.
Age-matched and equally preserved specimens of normal right ventricle were inaccessible for obvious reasons. We therefore evaluated the results of our enzymatic measurements by comparison with data available from other reports on the human heart. The most detailed study of CK distribution in the diseased human heart thus far reported that in normal, ischemic, and hypertrophic left ventricles, the activities of CK were 12, 11, and 8 IU/mg protein, respectively (21 (21) . Furthermore, the proportions of CKMB in either cyanotic or acyanotic patients were similar to the ratios of CKMB in hearts suffering from aortic stenosis alone or in combination with coronary artery disease. This finding was 20 times higher than the 1 % ratio reported by the same authors in the normal human heart. Overall, our findings in the obstructed right ventricle greatly resemble observations made in the obstructed left ventricle (21) . Earlier (31, 32) . The marked discrepancies between studies may result not only from differences in the age and pathophysiological condition of the sampled hearts (which were not always specified) but also from variations in the myocardial sites of sampling, the rapidity and method of tissue preservation, and the procedure of isozyme determination. Our study was restricted to freshly removed and quickly frozen specimens in which we found a 13-38% range of CKMB ratio with an average of 22%. This high ratio of CKMB, apparently maintained through the abundance of CKBmRNA, characterized cyanotic and acyanotic patients. The fact that all our specimens represented hypertrophied muscle explains, at least in part, the high proportion of CKMB. As CKMB is considered beneficial to the myocardium at states of reduced oxygenation, it is reasonable to suggest that an already high proportion of CKMB is sufficient to support the cyanotic hypooxygenated myocardium and recruitment of additional CKMB may therefore not be required. It may also be that higher proportions of CKMB cannot be attained in the postnatal myocardium, as no higher values have been reported in the literature (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) 31, 32) .
Alternatively, the lack of difference in the CKIMB ratio between cyanotic and acyanotic patients may suggest that arterial oxygen saturation is not an independent regulator of CKisozyme distribution, or that the reduction in oxygen saturation was not low enough to stimulate it. As was recently reported, simulation of cyanosis in vitro by chronic hypooxygenation of human pediatric cardiocytes impaired mitochondrial aerobic metabolism, and reduced the capacity of ATP production (33) . CK activity and isozyme distribution were not measured in that study; however, the model system employed may provide a tool for testing these variables under reduced oxygen pressure, independent of increased workload demands, or hypertrophy. Such measurements are beyond the scope of this clinical study.
Corrective surgery of the congenitally malformed heart is almost the only source of juvenile myocardial specimens; however, studies of such tissues are relatively few. Alterations in f3-adrenoceptor density were observed in the hearts of patients suffering from cyanotic congenital heart disease (34) . Also, an abnormality in the temporal expression of myosin lightchain isotypes was reported in the right infundibulum of TOF patients (35) , whereas no correlation was found between the expression of myosin light-and heavy-chain isotypes in the right atrial appendage of various heart defects (36) . Our study has demonstrated similarity in CK activity and isozyme distribution between myocardial tissues of cyanotic and acyanotic patients with congenital heart defects and right ventricular hypertrophy. Additional investigative efforts are still required for molecular characterization of the human malformed heart.
